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Abstract

Previously acquired data could be utilised in predicting glass dissolution kinetics at long times,
but the application of machine learning methods needs to be assessed. Here, the dissolution
processes of two Li-Na borosilicate ‘base glasses’ at 40 and 90 °C were investigated by SEM-
EDS, NMR and Raman spectroscopy. Boron and sodium machine learning predictions were
excellent when considering other normalised releases as features. However, extrapolating the

training feature space yielded poorer performance and the absence of incorporated waste
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elements resulted in underestimated predicted long-term lithium and silicon releases. Faster
dissolution kinetics were observed for MW than MW-4L1 but the MW-)4L1 gel layer at 40 °C
trapped more water. Whilst BO3 rings leached preferentially at 90 °C, surface enrichment of
BOs at 40 °C suggested [BO4] transformed prior to dissolution. Results were consistent with
interdiffusion being significant at 40 °C and interface-coupled dissolution precipitation beyond

7 days at 90 °C.
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1. Introduction

Quaternary mixed-alkali borosilicate glasses are of particular interest to the nuclear industry,
being used in the UK as ‘base glass frits’ to which calcined high-level waste (HLW), arising
from spent nuclear fuel reprocessing activities, is added during vitrification [1-6]. The Li-Na
borosilicate base glass composition used for HLW vitrification in the UK, MW-/4L1i, and its
original formulation, MW, are presented in Table 1. MW has an equimolar Li/Na ratio to
optimise transport properties important to the vitrification process, such as melt viscosity, and
its B contents provides a compromise between optimising waste loading, as limited by Mo
solubility, and aqueous durability [7-10]. As the addition of LiNOs; to the liquid waste
improves its reactivity during calcination, half the molar Li of MW was removed (MW-4L1)

to yield an equimolar Li/Na ratio in the final glass at a HLW loading of 25 wt.% [1,10].

Investigations which aim to constrain compositional and environmental effects on the
dissolution of simulant HLW glasses are rendered difficult as the product HLW glasses
typically comprise over 20 elements [11-14]. As such, simplified analogues are frequently used
in mechanistic studies to better constrain these effects (e.g. [15-20]). In this view, dissolution
experiments on MW and MW-4Li can provide valuable insights into the effects of varying the
concentration of total alkalis (Li+Na) and the Li/Na ratio on pristine glass structure and
dissolution behaviour without convoluting effects, such as complex altered layer structures and
secondary phase precipitate assemblages. Indeed, in the absence of gel-forming species which
require charge compensation, such as Al or Zr, alkali metals are solely removed from solution
through secondary phase precipitation [21]. However, predicting compositional effects on

chemical durability at long times remains a significant challenge in glass science [22].

Recent advances in machine learning (ML) techniques have led to significant improvements in

the prediction of the physical properties of glasses, and can even automate the extraction of
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these data from the literature (e.g. [23-30]). Analytical models often need to assume the
mechanisms of glass dissolution (e.g. [31-33]), but these mechanisms have remained debated
[22,34,35]. ML methods can make use of previously acquired data to predict dissolution
behaviour without strictly being bound to assumptions of the underpinning mechanisms [36].
Indeed, decades of research have produced a large bank of experimental data on glass
dissolution kinetics, with data-driven techniques such as ML presenting a potential means of
making further use of these data in predicting future kinetics. Further, physics-informed ML
can improve prediction accuracy and interpretability through using inflexible algorithms with
physical constraints, such as glass network topology [37,38]. The successful application of ML
methods to glass dissolution demands large datasets near-homogeneously spanning a diverse
compositional and environmental feature space (e.g., pH and temperature) [39]. However, ML
has yet to successfully predict the long-term dissolution behaviour of simplified or complex
HLW glasses solely from initial experimental conditions [40]. Rather, accurate predictions
presently rely on the inclusion of pH and the concentrations of other non-response species as

features [39,41].

Here, the dissolution behaviour of MW and MW-'2Li was investigated by a combination of
experimental and ML techniques. The aims of this study were to (1) investigate the
performance of the ALTGLASS database (described in Section 2.5) [42,43] on comparatively
simplistic glass compositions and dissolution conditions largely outside its feature space; (2)
investigate the ability of ML to predict the dissolution behaviour of two compositionally similar
glasses; and (3) deepen our understanding of the effects of simultaneously varying the Li/Na
ratio and total alkali contents on the dissolution kinetics, secondary phase assemblages and
altered layer structures of complex HLW glasses using comparatively simple base glasses as

analogues.
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The dissolution kinetics of MW and MW-4L1 in static dissolution experiments in deionised
water at 40 and 90 °C were followed from 6 hours to 28 days, which may be considered a
standard timescale for short-term experiments (e.g. [11,44—46]). This dataset was then studied
further with ML techniques. Finally, differences in dissolution behaviour with composition and
temperature were then reconciled with glass structure, altered layer structures and secondary
phase assemblages through XRD, SEM-EDS (particle surfaces and cross-sections), NMR (!'B
and »Na SP MAS and °Li-'H CP), Raman spectroscopy and geochemical modelling

(PHREEQC).
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2. Experimental

2.1. Sample preparation and initial characterisation

MW and MW-4Li frits were initially synthesised in a 0.5 to 5.0 mm size fraction by James
Kent Ltd (Stoke-on-Trent, UK). For all dissolution experiments, as-received glass frits were
crushed in an agate mortar and pestle and sieved with stainless-steel sieves to a 75 to 150 pm
size fraction. Powders were washed following an adaptation of the ASTM PCT washing
procedure [47] solely using absolute ethanol to minimise prior exposure to water species before
being dried at 90 °C for 16 hours. Secondary electron (SE) scanning electron microscope
(SEM) images showed the particles were free from adhering fines (Figure S1). Particle size
distributions of the prepared powders of were measured by laser diffraction (Malvern
Mastersizer E) using an enclosed cell filled with absolute ethanol with 50 to 100 mg of sample.
Distributions appeared uniform (Figure S2), with mean particle diameters of 121 + 55 and 134
+ 65 um (1 S.D.) for MW and MW-}4Li, respectively. Glass densities were measured by
Archimedes’ principle with three to six replicates using ambient temperature deionised (DI)
water. Measured densities agreed with laboratory-synthesised glasses presented in the literature

(Table 1) [48,49].

2.2. Glass compositions

The nominal compositions of MW and MW-/2L1 are provided in Table 1 [1,7,49-52]. The
Dell-Bray model predicts the fraction of B present in tetrahedral coordination, Ny, as a function
of the glass K (K = [S102]/[B203]) and R values (R = [M20]/[B203], M = Li or Na) [53]. The
model is briefly summarised as (1) R < 0.5, all added MO (M = Li, Na) converts BO3 to
[BO4] M to increase Ng; (2) 0.5 < R < 0.5 + K/16, added M2O continues to increase N4 with

the tetrahedral B units linking Si tetrahedra to form reedmergnerite groups (a B tetrahedron

6
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connected to four Si tetrahedra); and (3) 0.5 + K/16 < R < 0.5 + K/4, all alkalis form non-
bridging oxygen (NBO) bonds with Si tetrahedra to increase Q* at the expense of Q* (Q" is the
fraction of Si tetrahedra with n bridging oxygen bonds) and N4 remains constant with M>O
concentration. The Dell-Bray model predicts identical N4 for both glasses, such that MW has

a significantly larger estimated Q® than MW-'Li (Equation 1) [54-56].

— 2([M;0]—-N,4[B,03])
[Si0,]

Q3 (1)

For compositional analyses, as-received MW and MW-4Li pieces were mounted in two-part
epoxy resin (EpoFix, Struers) and polished using SiC papers and diamond pastes to 3 um.
Electron probe microanalysis (EPMA) was used to determine Si concentrations (Cameca
SX100) using a beam diameter of 10 um to analyse 70 spots on each sample, calibrating with
a diopside standard. Concentrations of Li, B, and Na were determined by laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS; ESI NWR193Y¢ with Perkin-
Elmer NexION 350D) using the EPMA SiO:> concentration as the internal standard. Fifteen
2500 um? squares were ablated per sample. NIST SRM 610, 612 and 614 and BCR-2G (USGS)
were analysed as standards and international simple glass (ISG, MoSci) [2] as an in-house
standard, as B is a trace element in NIST SRM 610 (350 ug g [57]). Analysed compositions
were within 10% of their nominal values with relative standard deviation (RSD) values < 5%

(Table 1).
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Table 1: Nominal and measured compositions (oxide mol.%), descriptors of the glass network and densities of MW and MW-
% Li. Nominal compositions were compiled from literature data [1,7,49-52] and nominal densities represent measured values
for laboratory-synthesised glasses presented in the literature [48,49]. Compositions were determined by EPMA (SiO2) and
LA-ICP-MS (others) with associated uncertainties of 2% and 5%, respectively. Densities were determined by Archimedes’
principle with uncertainties given as 1 S.D. Glass network descriptors were calculated as: R = ([Li;O] + [Na:0])/[B20s], K
= [Si02]/[B20s] [48], O is calculated following Equation I [54), and N+ = 0.5 + K/16 [53].

Nominal Measured
Oxide (mol.%) Mw MW-".Li Mw MW-"4Li
Li2O 10.5 5.6 10.8£0.5 6.0£0.3
B20s 18.5 19.5 17.6£0.9 205+1.0
Na2O 10.5 11.1 10.8+0.5 10.9+0.5
SiO, 60.5 63.8 60.8+1.2 62.7+1.3
R (mol mol ") 1.13 0.85 1.23 0.82
K (mol mol™) 3.27 3.27 3.46 3.06
N (calculated) 0.704 0.704 0.716 0.691
Q3 (calculated) 0.26 0.09 0.30 0.09
Density (g cm®) 2.47 2.45 2.47 £ 0.01 2.45 +0.09

2.3. Static dissolution experiments

Static dissolution experiments followed the ASTM PCT-B methodology [47]: 0.395+0.005 g
75 to 150 pm MW and MW-)5Li1 powders were leached in stainless-steel vessels with PTFE
inserts using 4.0 £ 0.1 mL DI water (18.2 MQ.cm at 25.0 °C) for a geometric glass surface area
to solution volume ratio (Sgeo/V) of 2150 + 80 m™!. The temperature was maintained at 40.0
and 90.0 £ 0.1 °C for 0.25, 1, 7, 14 and 28 days (Grant Instruments dry block heaters).

Experiments took place in triplicate alongside four blank replicates.

Leachates were filtered using 0.45 pum nylon syringe filters (Whatman Puradisc). The
pH(25°C) of samples aliquots were measured (Mettler Toledo LE438 pH electrode with FE20
FiveEasy pH meter; NIST traceable 4.00, 7.00 and 10.00 + 0.01 pH buffers). Based upon
triplicate sample pH measurements, a conservative uncertainty of + 0.20 pH units was assigned
to each average value. Glass powders were rinsed out of the reaction vessels with DI water and

then dried at 90.0 &+ 0.1 °C for 16 hours.
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Leachates were analysed for Li, B, Na and Si concentrations by ICP optical emission
spectroscopy (ICP-OES) (Agilent 5100) with SPS-SW2 (Spectrapure Standards) as a
secondary standard. Detection limits were 0.03, 0.20, 0.06 and 0.10 pg mL™! for Li, B, Na and
Si, respectively, with RSD of £ 10% for the Li, B and Na concentrations and £+ 20% to the Si
concentrations based upon the measured recoveries of SPS-SW2 and sample replicate RSD.
Measured sample concentrations were corrected for blank concentrations and leachant mass
loss and used to calculate normalised elemental releases (Equation 2), where NL; is the
normalised elemental release of element i (g m?), C; is the corrected concentration of i
measured in solution (g L), f; is the elemental mass fraction of i in the pristine glass (unitless),
Seeo is the geometric glass surface area (m?) and V is the leachant volume (L) [47]. Note that
Sgeo 1 used rather than a measured specific surface area as the former corresponds more closely
to the reactive surface area of the glass [58]. NLg is used as a tracer of the extent of dissolution
as B is not anticipated to be retained in the gel or incorporated into secondary phases in
significant concentrations where the dissolution and subsequent transport of leached B species

are not rate limiting [34,59].

Ci
fi=y

NL; uncertainties were propagated from the solution concentration measurements (= 20% Si,
10% others), elemental mass fractions (£ 2% Si, 5% others) and the Sgeo/V ratio (= 15%)
following Equation 3 [60-62]; where 6 is the relative uncertainty of the associated quantity
and Ciy is the average corrected blank concentration (g L™!). The uncertainty associated with
Seeo/V arises due to approximating the glass particles as spheres and is thought to represent a
conservative overestimation [63,64]. Dissolution rates at time ¢, 7;; (g m? d!), can then be

calculated as the first order derivative of NL; with respect to time [65].
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Equivalent altered layer thicknesses e; (um) were calculated from C;, V and the mass of glass,
m (g), following the Shrinking Core model (Equation 4). e; represents the altered glass
thickness required to produce the measured solution concentrations assuming spherical glass
particles of initial radius Ry which are uniformly altered. That is, i is not retained [46,66,67].

e = Ry [1 -(1 —ﬂﬂ 4

fim

Assuming es; represents the equivalent thickness due to network hydrolysis, e/ rineg - esi
represents the equivalent thickness due to interdiffusion [17]. Regressions where NL g LiNa}

evolve linearly with respect to t*

, hence where diffusion is assumed to significantly contribute
to the observed kinetics, can then be used to calculate apparent diffusivities, Dyz ina;, from the

glass density, p, using Fick’s second law of diffusion following Equation 5 [46,65].

1
_ NLgrinay—NLsi _ L[ Dprinag]z
e LiNa} — Esi = . =t |4———

)

2.4. Geochemical modelling

Geochemical modelling used leachate concentrations with PHREEQC (version 3) software
[68] with the ThermoChimie database (version 10a) [69], which had been modified to include
additional data on SiO; polymorphs, Na silicates and Li silicates from the LLNL database [70],
WATEQA4F database [71] and the literature [72] (additional phases described in Table S1).
These additional SiO> polymorphs and alkali silicates were considered based upon their
identification in previous studies [4,16,73,74]. Note that the magadiite data solely comprised a

log(K) value determined at 25 °C, without the thermodynamic data necessary for higher

10
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temperature calculations. Calculations did not consider colloids but took place both with and
without assuming equilibrium between the solution and air (410 pmol mol! CO2 and 209 mmol

mol! Oz [75]).

The rate drop transition is controlled by the coupled processes of decreasing thermodynamic
affinity for dissolution and limited transport through the altered layer [76]. For the former, a
first-order rate law describes the dissolution rate at time t, 7, as a function of affinity for
dissolution of the hydrated gel layer (Equation 6); where a*(H4Si104) is an empirical parameter
denoting the activity of HsSiO4, a(H4SiO,4), at saturation with respect to the gel [77,78].
Assuming Li, B and Na are entirely leached from the gel [79], a*(H4SiO4) represents the
a(H4S104) at saturation with respect to amorphous silica, (Si02)am [13,64,80,81]. The time at
which dissolution evolves beyond this first-order rate law has been proposed as a quantitative
indicator of the start of the residual rate regime [16,82]. Here, the initial rate, ro, was assumed
equal to the measured 6-hour B normalised release rate.

=T, (1 — M) (6)

*
Ayasios

2.5. Machine learning datasets and methodology

The ALTGLASS version 3 database [42,43] (version 4 is available [83]) was used in training
machine learning algorithms for predictions on the MW base glass data generated herein. This
database comprises 2636 observations from dissolution studies (ASTM PCT-A and PCT-B
[47]) on approximately 450 HLW and low activity waste (LAW) glass compositions, largely

in DI water at 90 °C, Sgeo/V 0f 2000 m™.

Feature reduction was performed during data cleaning: features which were not applicable to

the dataset generated here, not applicable to predicting dissolution behaviour, weakly

11
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correlated with the normalised releases or highly correlated with other features were removed.
The removal of these features was also justified through examining the relative importance of
features calculated using trained tree-based algorithms. Only experiments conducted in DI
water were used in training and testing, such that leachant type was not used as a feature.
Ultimately, the full set of features and responses included (range of ALTGLASS values
excluding other leachant types provided in parentheses): time (0.42 to 7426 days), mass of
glass leached (1.00 to 40.00 g), leachant volume (5.0 to 400.0 mL), Sgeo/V ratio (1860 to
39100 m™), density (2.373 to 3.004 g cm™), temperature (90 to 200 °C), final leachate
pH(25°C) (8.90 to 13.66), glass composition as elemental mass fractions (41 features, oxide
wt.% compositions reported: 0.1 to 18.5% B203, 32.8 to 60.6% SiO2, 0.0 to 7.91% Li20 and
2.5t0 27.5% Nay0O) and NL g 1iNasi} (concentrations reported: 2.4 to 35230.6 pg mL™!' B, 11.4
to 45200.0 pg mL! Si, 0.0 to 6750.0 pg mL™! Li and 8.0 to 76318.2 pg mL™! Na). A heatmap
of the correlations between features prior to feature reduction and histograms showing the
positions of the base glass nominal compositions within the ALTGLASS compositional feature

space are given in Figures S3 and S4, respectively.

Selected features were divided into subsets, with the response as either the normalised B, Li,
Na or Si release to investigate whether accurate predictions of dissolution behaviour could be
made from the experimental setup alone and what features were most related to the response.
Feature subsets included: experimental features (time, mass of glass, glass mass fractions, glass
density, leachant volume, Sgeo/V ratio and temperature); experimental features and leachate
pH; and experimental features, leachate pH and the other normalised releases not considered

in the response (e.g., Li, Na and Si releases as features with B release as the response).

The ML algorithms used herein ranged from inflexible linear models with excellent
interpretability to more complex non-parametric models: linear regressions (LR: multiple,
LASSO, Ridge, Elastic-net), support-vector machines (SVM: linear, polynomial and radial

12
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basis function kernels), tree-based ensemble methods (gradient boosted, random forests and
bagged random forests) and a single-layer feed-forward neural network (NN). Using a range
of models varying in complexity affords an assessment of the model interpretability-
complexity trade-off, allowing the simplest model possible to be selected to effectively

describe the feature-response relationship.

In training and testing, the datasets were first divided into ALTGLASS and base glass data.
Nested cross-validation (CV) [84,85] was then used to randomly partition the ALTGLASS
database into independent training and test sets using a three-repeat five-fold CV method (outer
CV), with algorithms being trained and their associated hyperparameters (variables used to
control the learning process) being optimised using a five-fold CV method (inner CV) on the
training set. Algorithm performance was assessed using the test folds of the outer CV
(ALTGLASS data) and the base glass dissolution data to calculate average R? and CV estimates
of the test mean squared error (MSE) (Equation 7) for each dataset separately; where y; and y;
represent the measured and predicted response values of observation i, respectively, and n
represents the number of observations in the dataset. The use of both R?> and MSE provides a
robust assessment of performance, with the former providing a standardised measure of overall

model performance and the latter being more sensitive to outlying predictions.
MSE ==Y Dk
=7 i1 (i — 9 (7)

2.6. SEM-EDS and XRD

SEM images (FEI QEMSCAN 650F) and energy-dispersive X-ray spectroscopy (EDS)
compositional maps were acquired for leached powders to investigate secondary phase
assemblages and polished resin-mounted leached powders (pristine powders also resin-
mounted and analysed as controls) to investigate altered layer structures. Resin-mounted

samples were prepared and polished to a 0.25 pm finish using absolute ethanol lubricant to
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avoid interactions with water. SE images were acquired under high vacuum (103 to 10™* Pa)
using an Everhart-Thornley detector (ETD) with a 2 to 5 kV beam, spot size of 1 to 3 and
working distance of 5.0 to 7.5 mm. Backscattered electron (BSE) images and EDS maps were
acquired under low vacuum (107 Pa) using a CBS detector and Bruker XFlash 6 | 30 silicon
drift detectors, respectively, with a 20 kV beam, spot size of 4 and working distance of

13.0 mm, with maps being acquired for 10 to 30 minutes.

X-ray powder diffraction (XRD) (Bruker D8 Advance, Cu K, source) took place on the pristine
and 28-day leached powders. A Si low background sample holder was used to analyse
approximately 20 mg powder from 3 to 60 ° (20) with a 0.05 ° step size and 7 s dwell per step

(7980 s run time). XRD confirmed that the pristine glasses were amorphous (Figure S5).

2.7.Solid-state NMR experiments and quantification

All experiments were carried out with double resonance magic-angle spinning (MAS) probes
using either a Varian Infinity Plus NMR spectrometer with 11.74 T magnet or Varian Infinity

NMR spectrometer with 9.39 T magnet.

"B MAS-NMR experiments at 160.32 MHz (11.74 T) used 15 to 20 mg of pristine sample and
85 to 120 mg of 28-day leached sample in 2.5 mm and 4.0 mm zirconia rotors, respectively,
spun at 10.0 £ 0.1 kHz using a double resonance MAS probe. Single-pulse (SP) spectra were
acquired using a 0.4 us pulse (n/15) with a 6 s recycle delay for 240 to 256 repetitions. Spectra
were referenced to solid NaBH4 at -42.06 ppm. The ratio of "B (BO3) to IVB ([BO4]") units was
quantified through fitting the spectra (dmfit software [86]) with four peaks: two for B ring
and non-ring resonances using literature NMR parameters [87-90], and two pseudo-Voigt
peaks for the VB peak unit reedmergnerite-like (4Si,0B) and danburite-like (3Si,1B) next-

nearest neighbour contributions [90,91]. A first-order spinning sideband manifold was fitted to

14



288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

subtract the contribution of the satellite transition spinning sidebands from the 'VB signal from

the central transition intensities [92].

2%Na MAS-NMR experiments at 132.18 MHz (9.39 T) used 80 to 120 mg of pristine or 28-day
leached sample. Spectra were acquired during SP experiments with 4.0 mm zirconia rotors
spun at 10.0 £ 0.1 kHz, a pulse width of 1.2 pus (w/15) and a recycle delay of 6 s for 900 to 1500
repetitions, referencing to 0.1 M NaCl in DI water at 0.0 ppm. Peak fitting (Igor Pro,
Wavemetrics) first fitted the pristine spectra with a Lorentzian peak and an exponentially
modified Gaussian peak to account for the quadrupolar lineshape (both peaks were interpreted
identically). Fixed peak positions were then used to fit the leached spectra with an additional
Lorentzian peak. A similar peak observed during simplified glass dissolution under similar
conditions was concluded to correspond to a higher symmetry Na environment [93]. In turn,
the intensity of this pristine peak was corrected for contributions from the (+1/2+>%3/2)

transitions as only the (-1/2<»>+1/2) transitions were observed for the pristine glass [94].

Static SLi-'"H CP-NMR experiments used 130 mg of the pristine glass without drying to confirm
the absence of a signal from adsorbed water and the 28-day 90 °C samples. Analysis at
73.54 MHz for °Li and 499.72 MHz for 'H (11.74 T) used 7.5 mm silicon nitride rotors with
PTFE inserts. Spectra were acquired using 84500 to 125000 repetitions with an 8 us pulse on

'H (n/2) and a recycle delay of 3 s, referencing to 1.0 M °LiCl in DI water at 0.0 ppm.
2.8. Raman spectroscopy

Raman spectroscopy was used to analyse the pristine and 28-day leached samples. Powders
were deposited onto an Al foil substrate to minimise the associated background signal. A
Horiba LabRam 300 spectrometer was used with a 532 nm excitation laser through a 50x lens
with 600 mm™' grating to analyse over the 150 to 2000 cm™ range. Three positions were

analysed per sample with 10 accumulations per position, using an incident power of 100 or
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‘smooth’ surfaces were observed for 90 °C MW, and so both regions were analysed in

triplicate. Given the rough particle topography, spectra were interpreted qualitatively.
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3. Results

3.1. Dissolution kinetics

Sample concentrations were significant from the limits of quantification (< 0.5 pg mL™! for all
species) and were greater than 10 S.D. above their respective mean blank concentrations
(<0.60 pg mL! for Li, B and Na, and <3.25 ug mL"! for Si). RSD values were less than 20%
for Si and 10% for all others. SPS-SW2 recoveries were within 10% (note Li is absent).

Measured NL; and the corresponding ML predictions are presented in Figure 1.

At 90 °C, NLp LiNa for MW and MW-'4Li increased with time up to 7 days before plateauing.
The NLg of MW were consistently higher than MW-2L1, with 28-day leached B fractions and
estimated altered layer thicknesses for MW-2Li 0of 21.9 + 4.1% and 4.5 + 0.8 um, respectively,
and 39.8 + 7.4% and 8.8 = 1.6 um for MW, respectively. Similarly, the NLi; was higher for
MW except at 1 and 14 days. However, the NLna of MW and MW-)4L1 were within uncertainty
until 28 days. At 90 °C the NLs; reached steady state concentrations of 1567.0 = 393.0 ug mL!
after 7 days and 514.5 + 129.0 pg mL™! before 6 hours for MW and MW-'4Li, respectively.
This somewhat contrasts with literature results that the leached fraction of Si is largely

unaffected by increasing the [Na+B] concentration for Na borosilicates [95].

At 40 °C, the NLprina increased near-linearly with time (linear regressions yielded
R2>0.9180), with a considerably more modest slowing of the dissolution rate with time than
at 90 °C. The NLnavLi of MW and MW-J4Li remained within uncertainty throughout
dissolution, whilst the NLg of MW was higher from 7 days onwards. This corresponded to 28-
day leached B fractions and estimated altered layer thicknesses for MW-2Li of 11.3 + 2.1%
and 2.2 £+ 0.4 pm, respectively, and for MW of 16.9 + 3.2% and 3.4 + 0.6 um, respectively.
Steady-state Si concentrations were attained after 7 days at 186.7 + 46.8 ug mL™! and 445.3 +

111.7 pg mL!' for MW-"4Li and MW, respectively. Whilst differences in dissolution kinetics
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between MW and MW-2Li were more apparent at 90 °C, the ratios of the 90 °C NLg LiNa to

the 40 °C NLBg,LiNa were within uncertainty for MW and MW-'4L1 throughout dissolution.

(a) 25 (b) 25 @® MW90°C @® MW40°C

B MW-%Li 90 °C Bl MW-%Li 40 °C
- = Predicted MW 90 °C —— Predicted MW 40 °C
= = Predicted MW-%Li 90 °C == Predicted MW-%Li 40 °C

Time (d) Time (d)

Figure 1: Measured normalised B (a), Li (b), Na (c) and Si (d) releases (markers) alongside ML predictions (lines). Predictions
were made using a bagged random forest algorithm which considered all available features except the response release.
Uncertainties are given to 1 S.D. (propagated using Equation 3) and range from 15 to 30% (RSD).

Assuming NLs; is the contribution of Si network hydrolysis to NLp LiNa, NLB LiNa — NLs;
represents the normalised releases through B hydrolysis or ion-exchange (Li,Na) ahead of the
Si hydrolysis front [46,65]. In turn, diffusive processes can be assumed to contribute to the
releases where NLp Lina— NLsi evolves linearly with respect to t°°, allowing for apparent
diffusivities, Dp1ina, to be extracted by linear regression using Equation 5 [17,82]. The
NLg.Lina — NLs; at 40 °C evolved linearly (R? > 0.9970) with t*° at all durations (Figure 2),
consistent with a single Dg_Lina of the order 107'® m? s! at the timescales studied (Table 2).
Notably, at 40 °C all MW Dg Lina exceeded those of MW-}4Li despite the NLrina for all
durations and NLg up to 7 days being within uncertainty (Figure 1), consistent with differences

in diffusion rates relative to hydrolysis for these glasses.

The 90 °C NLg Lina — NLs; evolved linearly with t>> up to 7 days before plateauing to a constant

value. This behaviour is also reflected in the R? > 0.9375 up to 7 days, with D Lina of the order
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107 to 107'® m? s'. Beyond 7 days, D Lina could not be obtained. This is consistent with a
significant change in the dominant release mechanism of these species. Further, the MW
Dg,LiNa Were approximately twice those of MW-4Li. The orders of magnitude of the Dg agree
well with those previously reported for Na-Ca-Al borosilicates of 1.7 x 1077 m? s (90 °C,
20 m™!, 28 days in DI water) [96] and Na-Al borosilicates of 9 x 1078 m? s (90 °C, 2000 m™!,
150 days, pH 7) [21], but are significantly higher than those reported for Na borosilicates during

the residual rate of 2.6 x 10"9m? s (90 °C, 8000 m™', 2200 days in DI water) [16,17].
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Figure 2: Normalised releases of B (a), Na (b) and Li (c) with the normalized releases of Si subtracted and the normalised
releases of Si (d) plotted against the square root of time (s3). Uncertainties are given to 1 S.D. (Equation 3) and range from
15 to 30% (RSD).

Table 2: Diffusivities of B, Li and Na calculated through linear regressions of the normalised B, Li and Na releases corrected

for the normalized Si releases against the square root of time (s"°) (Equation 5). Note that regressions took place for all
durations at 40 °C and up to 7 days at 90 °C (linear region). R? values associated with these fits are also reported. Values in
parentheses represent uncertainties of 1o propagated from 1 S.E. of the regression coefficient and glass density.

Ds Dv.i Dna
(m? s-) (m? s7) (m? s-)
MW | 3.1(6) x 10® 0.9970 2.0(2)x 10" 0.9970 1.6(2)x 10 0.9973

T
o Sample R? R? R2
(°C) P

40 MW-vALi | 1.4(3)x 108 0.9985 1.3(2) x 108 0.9989 1.1(1) x 108  0.9982
oo MW | 25(5)x 10" 09706 1.54)x 10" 09694 1.3(4)x 1077  0.9662
MW-%Li | 1.0(2) x 1077 0.9375 7.7(21) x 10" 0.9411 7.7(20) x 108 0.9385
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3.2. Machine learning predictions

ML predictions of the base glass NL; with algorithms trained on the ALTGLASS database
showed significant variations in test MSE as a function of feature subset and algorithm chosen.
Consistent with previous studies on predicting static glass dissolution using ML methods on
unstructured datasets, accurate predictions could not be obtained where more than one ‘key’
NL;i (B, Li or Na) was absent from the feature subset and the ‘complete’ feature set
(experimental features, leachate pH and all other NL;) yielded the best predictions [41]. A table
of the feature subsets considered in this work and potential additional features to consider in

future work is presented in Table S2.

The lowest test MSE and highest R? (four responses considered) was attained using a bagged
random forest (RF) algorithm across all feature subsets considered. This is attributable to the
RF algorithm comprising bootstrap aggregation (bagging), uncorrelated trees arising from
considering a random feature subset at each internal node individually, and leaf node number
being tuned as a hyperparameter without cost-complexity pruning. In turn, this results in the
inability of the RF algorithm to overfit the data through the number aggregated of trees and
mitigates against underfitting in many applications, frequently affording accurate predictions
of complex feature-response relationships and low test MSE where the number of training
observations is sufficiently high [97]. The comparatively poorer metrics of support vector
machines and the neural network are consistent with previous observations that these
optimisation and search algorithms are highly sensitive to local minima and so cannot
accurately predict the highly periodic nature of the glass composition-dissolution behaviour
relationship [36]. An in-depth discussion of algorithm performance on the ALTGLASS
database and compiled independent unstructured databases as a function of feature subset has

been presented previously [39].
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Residuals for the best performing algorithm and feature subset showed significant variations
as a function of response cation, time and temperature (NL; predictions as lines in Figure 1);
these general trends as a function of NL; magnitude are also demonstrated in a plot of predicted
against measured NL; (Figure S6). Predicted NLg were all within uncertainty of the measured
values for MW, whilst for MW-)4L1 6 hours 40 °C was underestimated and 7 and 14 days 40 °C
and 28 days 90 °C were overestimated. Predicted NLna were generally excellent, but at 6 hours
or 1 day were either underestimated or overestimated. Whilst all NLy; predictions were accurate
for MW-J4L1 at 90 °C and both compositions at 40 °C except for MW-'4Li1 at 6 hours
(overestimated), the MW 90 °C predictions attained a significantly underestimated, early
plateau from 1 day onwards. Similar behaviour was observed for the NLs; predictions for MW
at 90 °C from 7 days onwards, which attained an apparent steady state at the correct time but
was significantly underestimated. NLs; predictions for 90 °C MW-/4L1 were accurate but were

generally overestimated at 40 °C for both glasses.

These measured-predicted discrepancies likely arose due to some observations in the base glass
dataset lying outside the ALTGLASS feature space, which is inhomogeneous: (1) ALTGLASS
observations with DI water leachant corresponded to either 90 or 200 °C experiments such that
extrapolation to 40 °C was required; (2) leaching time in the database is typically > 7 days
(98.37% observations) and is > 10 hours (0.77% observations at 10 hours), such that times
<7 days were not well represented and required extrapolation below 10 hours; and (3) the Si0;
and B2O3 wt.% compositions of MW and MW-/2Li were outside the ALTGLASS feature space

and Li for MW was poorly represented (95.70% observations were lower).
3.3.Solution pH and activities
Measured pH(25°C) for MW-'2Li remained constant with time at 40 and 90 °C (mean: 9.61 +

0.35 and 9.70 £ 0.35, respectively), whilst pH(25°C) increased for MW up to 7 days at 40 and
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90 °C (28 days: 10.30 += 0.20 and 10.47 £ 0.20, respectively) (Figure 3). Calculated pH(25°C)
from measured concentrations showed better agreement with measured values using a
pCO2 = 0.000 (Figure 3). Assigning uncertainties of + 0.20 pH units to the calculated pH(T),
the MW and MW-14Li1 pH(40°C) were constant with time (mean: 9.92 and 9.55, respectively)

and pH(90°C) increased up to 1 d (28 days: 9.93 and 9.49, respectively) (Tables S3 and S4).

@) 108 @ mMwao °C ) @ MW50*°C ) (b}l[).ﬂ -
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Figure 3: Measured pH(25°C) for the 40 (a) and 90 °C (b) leachates (markers). Uncertainties are reported as + 0.20 pH units
(Section 2.3). The top and bottom edges of each shaded region (labelled) correspond to pH(25°C) for each composition
calculated by PHREEQC using the measured leachate concentrations assuming pCO2 of 0.000 and 3.387, respectively.

The In(rg) showed a near-linear trend with the a(H4Si04) at 40 °C which continued beyond
a*(H4Si104) (saturation with respect to (SiO2)am), whilst the a(H4S104) at 90 °C varied about the
a*(H4Si104) seemingly independent of the dissolution rate (Figure 4). The latter variations in
a(H4Si04) are attributable to small variations in the pH(90°C) with time at values near the pKa

of the reaction H4SiO4 = H3SiO4 + H' (9.17 at 90 °C [98]).

Taking the deviations from the first-order rate law as characteristic times for the start of residual
rate regime, ¢, yielded values of 7 days at 40 °C and < 6 hours (no clear inflection observed)
at 90 °C. These values are significantly shorter than the ¢ of 180 days reported for Li and B-

bearing basaltic glasses (30 and 90 °C, DI water, S/V of 10° m™") [82] and 200 to 450 days for
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441  glasses ranging in complexity from Na-Al borosilicates to a full-scale simulant HLW glass
442  (SONG68) (90 °C, DI water, S/V of 8000 m™!) [16]. However, the ¢. for ternary Na borosilicates

443  has also been previously reported as < 1 day (90 °C, DI water, S/V of 8000 m™! [17].
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445 Figure 4: Normalised B release rates (log scale) against a(H4SiO4) for the 40 °C (a) and 90 °C (b) solution concentrations.
446 Black lines show first-order rate laws (Equation 6) with magenta lines denoting a*(H4SiO4) with respect to (SiO2)am.

447

448  3.4.Imaging and compositional analyses of the glass surfaces

449  SE images of the leached particles revealed small precipitate clusters after 28 days at 40 °C,
450  whilst at 90 °C secondary phases formed in sparse patches and near-uniform layers across the

451  particle surfaces for MW-/2Li and MW, respectively (Figure 5).
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Figure 5: SE images of leached powder surfaces. MW-Y:Li leached for 28 days at 40 (a) and 90 °C (b) and MW leached for
28 days at 40 (c) and 90°C (d).

EDS revealed four phases were present for both samples leached at 90 °C: (1) a smooth surface
rich in Si, (2) surfaces covered in secondary phases rich in Na relative to (1), and clusters of
(3) Na-rich and (4) Si-rich precipitates (Figure 6). Consistent with less significant surface
alteration at lower temperatures, only Si-rich and Na-rich surface features and no precipitate
clusters of sufficient size for analysis were observed at 40 °C (Figure S7). The measured Si/Na

and Si/O ratios of these phases are presented in Table 3.

The Si-rich surface composition was consistent with either the preferential leaching of Na or
complete dissolution-precipitation to leave a Si-rich altered surface, whilst the Na-rich surface
layer was consistent with the precipitation of Na-bearing secondary phases. Whilst the Si/Na
ratio of the Na-rich precipitate was in broad agreement with that of magadiite for MW
(NaSi7013(OH)3°H20), for MW-4Li it better corresponded to natrosilite (Na2Si2Os).
Differences in the Si/Na ratios of the precipitate-covered surfaces between MW and MW-4Li1
are attributable to the higher Li contents of the former alongside the comparatively smaller
precipitates for MW-)4L1 likely resulting in a larger fraction of the interaction volume
representing the underlying altered or pristine glass. This view is consistent with the leached
Si-rich surfaces free from secondary phases having Si/Na ratios being within uncertainty for

MW and MW-)4Li.
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473 Table 3: Elemental molar ratios for the nominal pristine compositions and the mean EDS measurements for the 28 day 40 and
474 90 °C leached samples. Uncertainties correspond to 1 S.D. propagated from individual values. Note that the Si-rich and Na-
475 rich surfaces were averaged across 40 and 90 °C, whilst the Na-rich and Si-rich phases were only observed at 90 °C.

Mw MW-"2Li
Phase Si/Na SilO Si/Na SilO
Pristine (nominal) 2.9 0.3 2.9 0.3
Si-rich surface 14.2 + 3.1 0.5+0.1 126 +1.7 0.5+0.1
Na-rich surface 6.5+1.3 0.5+01 34106 0.5+0.1
Na-rich phase 78117 05+£0.2 1.2+0.3 04+0.2
Si-rich phase 10.1£1.3 0.5+0.1 54+0.9 0.5+0.1
476
477 R YT Linac: . 125 _Px: 018

478 Figure 6: BSE images (left) and EDS compositional maps (right) of Si (vellow) and Na (magenta) for the MW-"2Li 90 °C 28
479 day sample. Arrows in the BSE images correspond to the Si-rich surface (red), Na-rich surface (blue), Na-rich precipitates
480 (magenta) and Si-rich precipitates (green).

481  Pristine MW has been previously studied by Raman spectroscopy [99]. The Raman spectra of
482  pristine and leached MW and MW-)4Li1 are presented in Figure 7. Notably, two surface
483  morphologies were visible by optical microscopy for MW at 90 °C: a ‘smooth’ featureless

484  surface with a spectrum resembling the pristine glass and a ‘rough’ highly altered surface.
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For MW at 40 °C and ‘rough’” MW and MW-'4Li at 90 °C, there was a slight reduction in the
band at approximately 640 cm™ and a significant decrease in the band at approximately
1450 cm™!. The former is attributable to metaborate rings [100], 'VB units in danburite-like units
[101] or a combination of both [102], whilst the latter is attributable to boroxol rings and B-O"
bonds [91,100]. The small broad band at 805 cm™ decreased but a larger band formed at
795 cm’!. The former is attributable to VB units [100,101] from borate rings with up to two 'VB
units [103—105], whilst the latter represents Si-O-Si bond bending vibrations in amorphous

silica [106-108].

The band at approximately 510 to 530 cm™' shifted to 450 to 480 cm™!, and represents the partial
deformation and stretching of Si-O-Si bonds [100]. This shift is attributable to increased Q" or
a decrease in reedmergnerite unit concentration [87]. Similarly, there is a significant decrease
in intensity for the band from 900 to 1250 cm™!, which represents Q" [54,87,100,109]. The
significant loss of intensity rendered a quantitative assessment of the change in Q" following
dissolution impossible. However, previous 2Si NMR experiments on ISG and simplified
borosilicate glasses leached under SiO» saturated conditions showed no significant change in
Q" in the gel layer [110,111]. Bands at 1630 cm™' represent free and silanol group H-bonded

water bending modes [107].

For ‘rough’ MW a sharp band appeared at 1090 cm™'. Comparisons of sodium silicate glasses
and crystallised glasses (post-thermal treatment) have previously attributed a similarly sharp
peak at 1080 cm™! to Na»Si>Os [103] or to the Na silicate hydrate magadiite [112]. The absence
of other peaks associated with this phase reflects either its small quantity or poorly crystalline
nature. For MW at 40 °C a broad band appeared at approximately 1350 cm™, which is
attributable to B-O-B asymmetric bond stretching for non-ring ‘free’ "B units [102,108]. This
is consistent with the transformation of VB to "B units prior to solvation resulting in a localised
increase in the f('"'B), which was previously postulated to occur near the gel-solution interface
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[113]. The absence of this band at 90 °C is due to either an insufficient concentration of "B or
a slower VB to B unit transformation rate relative to the "'B hydrolysis rate at higher
temperatures. The Raman spectrum for MW-)4L1 at 40 °C was intermediate between that of
the pristine glass and MW-Y:Li at 90 °C with bands at 1350 and 1630 cm™'. Notably, the band

at 1630 cm™! had a higher relative intensity than in the other spectra.
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Figure 7: Raman spectra for the pristine and leached MW (a) and MW-%:Li (b) glasses. Spectra were normalised to the
intensity of the peak at 450 to 520 cm™" and stacked for clarity.

3.5.Identification and quantification of secondary phases

XRD revealed no significant changes following dissolution (Figure S5), consistent with the

Na-rich secondary phases forming with insufficient mass or crystallinity for detection.

PHREEQC calculated saturation indices (Tables S3 and S4, and Figure S8) demonstrated that
all leachates were supersaturated with respect to chalcedony, cristobalite (except 40 °C 6 hours)
and quartz and were near equilibrium with respect to amorphous silica (except 40 °C 6 and 12
hours). The MW leachates from 1 day at 90 °C and 28 days at 40 °C were supersaturated and
near equilibrium with respect to di-Li silicate, respectively. Whilst magadiite was
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supersaturated or near saturation in all but the MW-2Li 40 °C 6 hour leachates, its entry in the
database comprised solely a log(K) value. Note that all solutions were undersaturated with

respect to all Na silicates in the database (natrosilite, Na>Si03, NasSi04 and NaeSi1,03).

2>Na MAS-NMR spectra showed that Na was present in an additional environment following
dissolution at -5.7 = 1.1 ppm (Figure 8). A larger fraction of Na in this environment was
estimated for MW at 40 °C than MW-'4Li at 90 °C despite the latter having a larger estimated
fraction of glass altered (Section 3.1). To a first order, the mass of Na in this phase was
approximated through quantifying its relative area (Table 4). The chemical shift of this >*Na
MAS-NMR peak is consistent with literature observations for an AFCI glass (a 28-component
simulant waste glass) leached for 1 month in DI water at 90 °C, with >*Na-"H CP-MAS NMR
on this sample demonstrating Na retained in the altered layer produced a chemical shift
indistinguishable from the pristine glass [114]. Notably, all leachates were undersaturated with
respect to Na silicates. Further, the chemical shift falls within the range reported for Na
metasilicate hydrates (-7.2 to 2.3 ppm) [115], broadly agrees with values reported for
magadiite, kenyaite and octosilicate (-4.8 to -1.7 ppm) [116,117], and does not agree with
reported values for crystalline Na metasilicates and disilicates (8.3 to 22.8 ppm experimental,
7.6 to 24.1 ppm calculated) [115,118-120]. It was concluded this peak corresponded to a

poorly crystalline Na silicate hydrate secondary phase (Figure 6).

Water adsorption on the pristine glass was not measurable by static °Li-'H CP-NMR
experiments. At 90 °C 28 days, no signal was observed for MW-Li, whilst a small peak was
observed for MW (Figure 8). This is consistent with the PHREEQC calculations in showing
that the 90 °C 28 day MW-)4Li and MW solutions were undersaturated and supersaturated with

respect to a di-Li silicate phase, respectively.
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Figure 8: 2Na MAS-NMR experiments for pristine and 28 day 40 and 90 °C leached MW (a) and MW-Li (b), and static SLi-
'H CP-NMR experiments for 28 day 90 °C leached MW and MW-Y;Li (c). Note that *>Na MAS-NMR spectra were normalised
to their respective maximum pristine glass peak heights to afford a direct comparison, whilst the SLi-'H CP-NMR spectra were

normalised to the mass of sample analysed and number of scans acquired.

Table 4: Quantification of the area of the *Na MAS-NMR peak formed following dissolution (Figure 8) relative to the total
area analysed (%), the estimated mass of Na in this phase (mg of phase per g of sample), and quantification of the fraction of
"B in the sample relative to VB (f"'B) before and after dissolution. Uncertainties reported for the Na quantifications are given
to 1o arising from the fitting procedure and are propagated to include dissolution experiment uncertainties. Uncertainties for
the B quantifications assumed a conservative 5% uncertainty associated with the quantified area of each peak.

MW MWH
Pristine 40°C28d 90°C28d | Pristine 40°C28d 90 °C 28 d
New Na 0.50 +
poak (%) - 2.00 £0.05 3.28 £0.07 o3 066003
[Na] peak - 14+04 26207 - 04+01  05%0.1
(mgg™)
(i) | 0342%  0.352 0.305% 0353+  0.337+ 0.329 +
0.014 0.015 0.013 0.015 0.014 0.014
wgvg | 0519t 0.543% 0.439+ 0546+  0.509% 0.490 +
0.024 0.029 0.025 0.023 0.025 0.025

3.6. Altered layer structures

The pristine structures of Li-Na (equimolar) borosilicates as a function of composition have

been previously reported in detail elsewhere [48]. Here, the ''B MAS-NMR spectra showed
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apparent narrowing of the 'VB peak and a decrease in the "B peak intensity at -4.5 and 7.5 ppm,
respectively, following dissolution (Figure 9). Quantification showed that no significant
change in the fraction of "'B units, f('''B), followed dissolution at 40 °C whilst a slight decrease
in the f(""B) was observed at 90 °C for both compositions (Table 4). This decrease is consistent
with previous ''B MAS-NMR experiments on seven-component borosilicate glasses [20], and
is attributable to the weaker bonding of "B units to the glass network than VB units leading to
a higher fraction of VB units being temporarily retained in the gel layer [113]. This decrease
in f("'B) is associated with the preferential hydrolysis of rings, which tend to aggregate, over
VB units [16,91], with the ring to non-ring "'B ratio decreasing following dissolution at 90 °C

from 4.80 + 0.07 to 4.26 £ 0.05 for MW and from 5.44 + 0.08 to 4.51 £ 0.06 for MW-'4L.1.

A
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Figure 9: "B MAS-NMR experiments for pristine and 28 day leached MW (a) and MW-'Li (b). Spectra were normalised to
their respective maximum BO4 peak heights (-0.8 ppm) to afford a direct comparison between samples.

SEM-EDS of the polished resin-mounted pristine MW and MW-)4Li powders showed no
alteration occurred during resin mounting and polishing (Figure S9). At 40 °C, well-defined
altered layers depleted in Na were visible for both MW and MW-4Li (Figure 10). Altered layer
structures for the 90 °C samples were more complex (Figure 11): MW-}4L1 particles now
contained large regions of alteration (Na depletion), with some particles comprising Si-rich
layers covering Na-bearing cores which contained voids. Similar features were observed for

MW at 90 °C, but with many of these Si-rich layers being detached from each other and some
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particles exhibiting significant apparent internal alteration alongside secondary phase

precipitation.

Quantification of these EDS maps (Table S5) confirmed these observations, showing that at
40 °C the main particle phase was unaltered whilst the alteration layer had lost 51 to 58% of
its initial Na contents. At 90 °C, the Si-rich layers were nearly entirely depleted in Na, whilst
the inside surfaces of the innermost layers (where multiple were observed) were partially
enriched in Na relative to outer layer. Maps of particles where these layers were well separated
show that this is attributable to the internal precipitation of Na-bearing secondary phases. The
Na-bearing cores in the MW and MW-/4Li particles were slightly depleted in Na and within
error of the measured pristine composition, respectively. Where inner precipitates were
observed in the 90 °C MW sample these were enriched in Na relative to their surroundings,
with the Si/Na ratios with uncertainty of those at the surface (12.3 = 3.5 and 7.8 + 1.5,
respectively). These results suggest the layered Si-rich layer-core structures act as an

intermediate step between an alteration layer forming and significant internal alteration.

£ e

Figure 10: BSE images (a and c) and EDS Na (red) and Si (blue) maps (b and d) for MW (a and b) and MW-YLi (c and d)
leached for 28 days at 40 °C.
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Figure 11: BSE images (a, b and c¢) and EDS Na (red) and Si (blue) maps (d, e and f) for the resin-mounted particles of 28-
day 90 °C leached MW-%:Li (a and d) and MW (b, ¢, e and f). Arrows denote voids (magenta), the Na-bearing cores (red),
Si-rich layers (‘shells’) (green) and Na-rich secondary phases (cyan).

Where an altered layer was evident (40 °C) or a near-unaltered core was present (90 °C), altered
layer thicknesses for the 28-day leached samples were estimated using ImageJ software (NIH)
through thresholding the Na-Si EDS maps. Thicknesses of 3.9 = 0.9 and 30.4 + 5.9 pm were
estimated for MW at 40 and 90 °C, respectively, and 0.8 + 0.2 and 8.7 = 0.8 um for MW-4Li
at 40 and 90 °C, respectively. Notably, these values for 90 °C, 40 °C MW and 40 °C MW-}4Li
are significantly higher, within uncertainty and significantly lower, respectively, than the
thicknesses estimated from the leachate B concentrations using a shrinking core model. This is
in part attributable to dissolution proceeding in a non-uniform manner, as evidenced by

observed variations in altered layer thicknesses even within a given particle.

32



615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

4. Discussion

4.1.Insights from machine learning predictions

Excluding the significantly underestimated predicted long-term releases (Li and Si from MW
at 90 °C), the predicted NL; were generally excellent: 65.0% and 93.9% were within 25% of
their measured values and all predictions were within 66.0% and 34.0% at 40 and 90 °C,
respectively. The accurate predictions for NLg and NLna are consistent with previous
observations that NLna is a strong feature for learning NLg in the ALTGLASS database [39].
The comparatively poorer predictions at 40 °C are attributable to the ALTGLASS feature space
requiring extrapolation for this lower temperature, suggesting either (1) poor correlation
between the temperature dependence of dissolution for complex glasses in ALTGLASS from
90 to 200 °C and the base glasses from 40 to 90 °C, or (2) differences in the rate of change of
feature importance weights or predictive strength as a function of temperature in these two

temperature ranges.

Excluding NLi; and NLs; for MW at 90 °C, the prediction residuals were not systematic. These
were attributable to uncertainties associated with the ALTGLASS feature space often requiring
extrapolation (absence of data: <90 °C, similar BoO3 and SiO2 wt.%, and <10 hours) or being
heterogeneous (lack of data: <7 days and similar Li,0 wt.% to MW), thereby destabilising the
accuracy of these predictions. However, it should be noted that first order analysis revealed no
clear correlation between predictions and measurements being within propagated uncertainty
and these feature space factors; the predictability of a response for an observation outside the
training feature space is also influenced, in part, by the algorithm used and the monotonicity of
the feature-response relationship [38]. Further, given the large number of experimental

features, the diversity of reported literature observations for these features and the long
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timescales required for data acquisition associated with glass dissolution experiments, the curse

of dimensionality is significant when predicting glass dissolution behaviour.

Predicted NLi; and NLs; for MW at 90 °C reached a significantly underestimated constant
value and apparent steady state, respectively, with Li predicted to reach this early (1 instead of
7 days). The excellent NLp predictions for all experiments, NLy; predictions for MW at 40 °C
and NLs; for MW-}Li at 90 °C all demonstrate this is not solely attributable to the MW Li,O
and SiO; wt.% being largely outside the ALTGLASS feature space. All measured leachate
concentrations and their ratios were well within this feature space (see also Section 2.5).
Notably, the excellent predicted NLs; for MW-2Li at 90 °C and comparatively poorer
predictions for all other experiments coincide with an apparent steady state Si concentration
being reached before 6 hours for the former and after 7 days for the latter. Further, the predicted
NLL; at 90 °C for MW-/2Li are higher than MW at 7 and 14 days before converging to similar
values at 28 days (7.72 and 7.59 g m?, respectively), despite the higher measured pH, other
NL; and Li2O wt.% for MW and identical initial experimental conditions. This shows that these

features in isolation are not responsible for these anomalous predictions.

Whilst four NL; were predicted as responses, all reported oxide wt.% species of the complex
glasses from the ALTGLASS database were used as features, excluding those removed during
feature selection. In turn, whilst Li>O, B203, Na>O and SiO; wt.% features for the base glasses
were non-zero, all other oxide wt.% elements were set to zero (complete list of oxides
considered in Table S2). It is postulated that these compositional features or combinations
thereof limited the predicted NLr; and NLs;. For example, all observations in the ALTGLASS
database with >200 pg mL! Li at 28 days, 90 °C and 2.0 = 0.2 m? L' were Mg-bearing. The
absence of these species from the base glass compositions in effect creates a pseudo-limit
where ALTGLASS-trained algorithms are unable predict higher NL; unless these additional
compositional species are present, which appears only slightly influenced by the NL; features.
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The higher predicted NLs; limit for MW at 90 °C shows that the differences in observations
between MW and MW-4L1i, such as the non-response NL; values, exerted a greater influence

on the predicted 90°C NLs; than the NLL;.

These poorer NLLi and NLs; predictions may be interpreted as reflecting greater similarities in
the dissolution behaviour of MW-)4Li and the complex ALTGLASS glasses at 90 °C than for
MW, and hence differences in the dissolution behaviour of MW and MW-%Li at 90 °C.
However, it should be noted that ML predictions for a given algorithm depend on the training
dataset, including the optimal hyperparameters selected by cross-validation, and its relation to
the test data. In turn, heterogeneity or extrapolation of the ALTGLASS feature space for some
experimental features herein prevent correlating these differences in predictions with
differences in mechanisms. Whilst ML presents a useful tool for identifying glasses with
similar or anomalous predictions (clustering), there is insufficient evidence here to correlate

such predictions with similarities in dissolution mechanisms between glasses.

Overall, the bagged random forest algorithm predictions for NLg and NLna were accurate,
capturing the significant differences in dissolution behaviour between MW and MW-)4Li
despite these glasses comprising identical elemental species. This demonstrates potential for
the use of compiled structured datasets in predicting NL; in small-scale glass dissolution
laboratory experiments, without needing to explicitly assume the mechanisms underpinning
dissolution. However, the comparatively poorer overall predictions for NLL; and NLs; highlight
the importance of underpinning these methods with an extensive, diverse and homogeneous
training dataset. The poor predictability observed when using feature subsets lacking other NL;
suggests that the standalone ML methods applied herein may be complementary to dissolution
experiments wherein only limited data are acquired, such as during the continuous monitoring
of leachate pH and B concentrations through in-situ Raman spectroscopy [121,122].
Ultimately, these results have shown that further improvements, likely both in the methods
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(beyond standalone models [36]) and the datasets used, are required to predict dissolution
behaviour from experimental features. Future datasets could also include additional features,
such as physics-informed features, to improve prediction accuracy for some species (see
Table S2). For example, a cationic strength feature could assist in further distinguishing
between the effects of Li and Na, with the Li/Na ratio having been shown to significantly
influence dissolution behaviour in certain systems [20,44,93]. This has significant implications
for predicting behaviour for relatively less studied dissolution conditions, such as highly
alkaline environments [123], and phenomena, such as resumption (stage I1I) [124-127]. It is
anticipated cluster analysis (unsupervised learning) will be a valuable next step: cluster analysis
groups glass compositions and experimental conditions to provide a data-driven perspective on

how these features affect dissolution behaviour and which are crucially important.

4.2. Changes in dissolution behaviour with Li content and temperature

Two competing pristine structure effects caused differences in the dissolution kinetics of MW
relative to MW-'4L1. First, the higher total alkali concentration of MW enhances dissolution
through lowering Q", in turn also relaxing steric constraints associated with activated complex
formation during hydrolysis [128]. This is also consistent with percolation theory, where alkalis
form nanoscale clusters with localised alkali-alkali order which interconnect above a threshold
concentration to yield rapid ion transport [ 129—-131]. The faster rupture of alkali and B-bearing
bonds relative to Si-O-Si facilities faster glass hydration and exposes a greater effective surface

area of the Si network for hydrolysis [95,132,133].

Second, the cationic field strengths of Li and Na causes differences in their short and medium
range order [129]: Li preferentially forms Si network Li-NBO bonds over charge compensating
[BO4] [48,90]. Deviating from an equimolar Li/Na ratio has been shown to be detrimental to

aqueous durability [20,93], likely due to the different ionic radii of Li and Na inhibiting
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transport along shared percolation pathways [134]. Similarly, a B/Na ratio of 1.0 optimises
aqueous durability in Na borosilicates [95]; the [total alkali]/B ratios are 1.14 and 0.56 for MW
and MW-)4L1, respectively. As such, the higher total alkali concentration effects are likely
partially offset by the equimolar Li/Na ratio and near-unity [total alkali]/B ratio of MW. The
normalised B releases being within uncertainty for MW and MW-4Li up to 7 days at 40 °C is

attributable to a slower rate of hydrolysis at lower temperatures weakening the Q" effect [135].

The calculated pH(40,90°C) being higher and the measured pH(25°C) increasing up to 7 days
for MW facilities more extensive hydrolysis due to a higher Si concentration being required to
reach a steady-state in solution [98,136]. The higher Si concentrations for MW at both

temperatures are therefore attributable to the Q" effect and higher leachate pH.

The higher leachate concentrations for MW resulted in higher rates of Na silicate hydrate
precipitation and the precipitation of di-Li silicate at 90 °C and likely at 40 °C. A higher degree
of alteration and larger estimated relative masses of Na silicate hydrate secondary phases were
observed for MW but normalised Na releases were within uncertainty for MW and MW-'4Li1
up to 28 days at 90 °C. This suggests the precipitation of di-Li silicate raises affinity for
hydrolysis, resulting in further Si release which then precipitates as both phases to increase the
mass of Na incorporated into secondary phases. In consuming Si, both precipitates drive
affinity for gel or glass dissolution to inhibit condensation reactions and the formation of a
passivating gel. At 40 and 90 °C the ratio of Na in secondary phases for MW and MW-2Li

estimated by NMR are within uncertainty, consistent with the same effect occurring at 40 °C.

The SEM-EDS maps, geochemical modelling and Raman spectra were consistent with a gel
layer formed of amorphous silica (Si02).m at 28 days. Dissolution beyond and around saturation
with respect to (SiO2)am at 40 and 90 °C, respectively, is consistent with the higher solubility

of ternary Na borosilicates than (SiO2)am [137], in contrast with more complex compositions,
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such as ISG and B-doped basaltic glass [138,139]. In turn, delimiting the residual rate using

the solubility of (Si0z)am likely underestimated the true transition times for MW and MW-)4L.1.

Notably, ‘free’ water was present in the leached sample Raman spectra, with a higher relative
intensity for MW-'4Li at 40 °C than at 90 °C or MW at 40 and 90 °C. This shows that gel
porosity for MW-%Li at 90 °C and MW was sufficiently large for significant water
concentrations to be removed during drying, whilst that at 40 °C for MW-'Li retained more
water. This may be attributed to the gel layer forming faster at 90 °C and for MW, providing
more time for the porosity of the gel at the surface to age than MW-)4Li at 40 °C [95,133].
Similarly, the MW gel layer appeared significantly thicker but less passivating. This result at
90 °C is consistent with previous deuterated water tracer experiments on Na borosilicates
(90 °C, 0.5 M NaHCO3) which showed that the gel layer at 142 hours presented an ineffective

barrier against the transport of water species [140].

The observed t rate dependence for the normalised Li, B and Na releases corrected for Si at
40 °C and up to 7 days at 90 °C are consistent with diffusive processes contributing to the
normalised releases, with higher apparent diffusivities for MW due to its pristine structure, as
described by percolation theory, presenting a weaker barrier to hydration. Notably, the 6 and
12 hour leachates at 40 °C were undersaturated with respect to (SiO2)am. As such, it is
postulated diffusion occurred during the hydration of the pristine glass, ion-exchange or B
hydrolysis, and the subsequent outward transport of glass species (interdiffusion), rather than
diffusion across the gel layer. Literature SEM, TEM and ToF-SIMS observations showed that
gel initially formed on a Na borosilicate (90 °C, pH(90°C) 9.0, S/V 3000 m™") as a precipitate
through an interface-coupled dissolution precipitation (ICDP) mechanism (complete
dissolution through interfacial water spatially and temporally coupled to precipitation), which
then transitioned to an incomplete hydrolysis coupled with in-situ reorganisation (condensation
and precipitation) mechanism once the gel matured to become sufficiently transport-limiting
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[79]. In this view, it is postulated diffusion occurred in a narrow width ahead of the Si network
hydrolysis front, with hydrolysis being complete and the gel constituting precipitated (Si02)am.
However, the results reported herein cannot be used to trace the mechanisms of gel formation

and the presence of a mechanistic transition to incomplete hydrolysis cannot be confirmed.

Deviation from t°° rate dependence at 90 °C shows that diffusive processes did not
significantly contribute to the normalised releases beyond 7 days. Observations of gaps
between (SiO2)am layers and voids in the ‘cores’ at 28 days 90 °C by SEM-EDS are consistent
with in-situ Raman studies on Na borosilicates (90 °C 0.5 M NaHCO3 and 70 °C 0.1 M HCI)
which showed that such regions are water-rich, corresponding in some instances to the
interfacial water described by the ICDP model [107,140]. As such, it is postulated that beyond
7 days at 90 °C dissolution is controlled by complete network hydrolysis coupled to
precipitation in the absence of significant interdiffusion. The lower relative significance of
interdiffusion would be favoured earlier at higher temperatures due to the higher activation
energy of hydrolysis [135], and may also be affected by the evolution of gel porosity with time.
The % rate dependence and observation of (SiO2)am at the surface for both temperatures by
Raman (weak band for MW-'4L1 at 40 °C) suggested similarities in the dissolution mechanisms
at both temperatures before 7 days. However, the timescales probed herein appear insufficient

to confirm the presence of interfacial voids at 40 °C.

SEM-EDS of the Si-rich layers formed at 90 °C showed that (1) where two layers formed the
inner had a higher Na/Si ratio than the outer and (2) these layers had a significantly higher
Na/Si for MW than MW-'2Li. This suggests that Na silicate hydrates precipitated within these
layers, with a concentration gradient from the core to the surface resulting in more precipitation
in the inner layers than the outer layers. This is supported by the significant amounts of
precipitates observed on the inner surfaces of the outer layers and the outer surfaces of the inner
layers. The more significant precipitation in these layers for MW is consistent with its larger
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mass of Na silicate hydrate phase estimated by NMR, facilitated by its higher Si concentration
in solution and pH. It is postulated the precipitation of these secondary phases partially blocked
porosity, thereby contributing to the passivating properties of these (SiO2)am layers and the
slowing of the dissolution rate. However, it cannot be determined if precipitation within the

(S102)am layers occurred during dissolution, drying or both.

Note that the effects outlined above are highly coupled and represent a feedback mechanism
for the enhanced dissolution kinetics of MW. Ultimately, the simplistic base glass dissolution
behaviour presented here contributes to our understanding of how simultaneous variations in
total alkali contents and Li/Na ratios could impact complex HLW glass aqueous durability.
However, other effects, such as intermediate network formers, phase separation and secondary
phases assemblages also require consideration. It is also notable that the addition of 25 wt.%

simulant Magnox HLW to MW significantly improves aqueous durability [141].
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5. Conclusions

Accurate ML predictions of the NLg and NLna were achieved for the base glasses where the
feature subset included pH and at least one NL;. Extrapolating the high temperature, long
duration feature space defined by complex glass dissolution experiments (ALTGLASS) to
40 °C and short times yielded poorer predictions for MW and MW-2Li for some species.
However, experimental features outside the training set feature space were shown to not be a
requirement for poor predictive performance. The absence of common HLW glass species from
the composition of MW, which is itself largely outside the ALTGLASS compositional feature
space, resulted in poor predictions of the long-term NLi;i and NLs; at 90 °C. Overall, these
results highlight the importance of a homogeneous, broad training dataset which covers the
compositions and conditions of interest, and highlights potential applications for standalone

ML algorithms in complementing continually acquired, in-situ datasets.

The faster dissolution kinetics of MW than MW-2Li were consistent with the coupled
processes of pristine network depolymerisation, poorly crystalline Na silicate hydrate and di-Li
silicate precipitation, and passivating (SiO2)am gel layer formation inhibition being enhanced
for MW. The MW-)4L1 gel at 40 °C trapped water species more readily during drying, as was
consistent with a finer porosity than at 90 °C and MW at both temperatures. Further, the gel
formed on MW was observed to be thicker than that formed on MW-%Li, but kinetics
suggested it was less passivating at any given time. This is consistent with faster dissolution
kinetics producing a larger, more open gel structure with more time for its porosity to mature.
BO;s ring structures were shown to leach preferentially at 90 °C, likely due to their tendency to
aggregate. However, significant concentrations of BO3 observed at the 40 °C surface were
consistent with [BO4] transforming prior to dissolution. Diffusive processes were significant
at both temperatures, with a slowing rate and evolving gel porosity causing diffusion to become

irrelevant at longer times at 90 °C. This result alongside observations of voids in the altered
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823  layer structures at long times at 90 °C were most consistent with a transition from interdiffusion

824  coupled with slower complete hydrolysis and precipitation to an ICDP model with time.
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